Accurate water vapor profiles from radiosondes are essential for long-term climate prediction, weather prediction, validation of remote sensing retrievals, and other applications. The Vaisala RS80, RS90 and RS92 radiosondes are among the more commonly deployed radiosondes in the world. However, numerous investigators have shown that the daytime water vapor profiles measured by these instruments present a significant dry bias due to the solar heating of the humidity sensor. This bias in the column-integrated precipitable water vapor (PWV), along with variability due to calibration, can be removed by scaling the humidity profile to agree with the PWV retrieved from a microwave radiometer (MWR), as has been demonstrated by several previous studies. Infrared radiative closure analyses have shown the MWR PWV does not present daytime versus nighttime differences; thus scaling by the MWR is a possible approach for removing the daytime dry bias. However, MWR measurements are not routinely available at all radiosonde launch sites. Starting from a long term series of sonde and MWR PWV measurements from the Atmospheric Radiation Measurement (ARM) Southern Great Plains (SGP) site we have developed a simple correction to the column-integrated sonde PWV, derived from an analysis of the ratio of the MWR and sonde measurements; this correction is a function of the atmospheric transmittance as determined by the solar zenith angle, and effectively removes the daytime dry bias at all solar zenith angles. We validated the correction by successfully applying it to an independent dataset from the ARM Tropical Western Pacific (TWP) site.
Introduction
Water vapor is the most abundant and the most highly variable greenhouse gas in the atmosphere. This temporal and spatial variability has a great effect on the radiative fluxes at the surface and at the top of the atmosphere and on the radiative heating rates at all layers of the atmosphere. In addition, the distribution of water vapor is a fundamental driving force behind the formation of clouds and precipitation. The pivotal importance of water vapor to these atmospheric processes demands that numerical weather prediction and climate models use accurate water vapor profiles as part of their data assimilation process. The validation of retrieved water vapor from remote sensing instruments also requires accurate ground truth. Traditionally the profiles required for these tasks have been obtained from water vapor radiosondes launched from the global network of weather stations, among them the Vaisala RS80 and more recently RS90 and RS92.
Radiosonde water vapor profiles are often considered "truth", but inconsistencies between radiosondes and other instruments, between different types of radiosondes, or even between radiosonde profiles recorded by the same type of instrument have been repeatedly noted (Turner et al., 2003 and references therein) . These differences in the radiosonde water vapor profiles have significant impacts. For example, Zipser and Johnson (1998) noted serious site-specific biases in humidity profiles during the Tropical Ocean Global Atmosphere Coupled Ocean Atmosphere Response Experiment (TOGA COARE) observations. The magnitude of the biases required that the TOGA COARE team develop correction algorithms, which used an independent surface humidity measurement (Wang et al., 2002) . Starting from TOGA COARE measurements, Guichard et al (2000) showed that the dry bias in the sonde profiles led to severe underestimation of convective available potential energy (CAPE) and overestimation of convective inhibition (CIN), which in turn led to a prediction of an unphysical and not observed stabilization of the tropical atmosphere. Correcting the measured humidity profiles yielded much more accurate values of CAPE and CIN and more realistic convective prediction. The impact of biases in the humidity profiles extends far beyond local convective behavior. While the global anthropogenic radiative forcing is estimated to be 1.6W/m 2 (IPCC, 2007) , the actual effect may be greater due to a strong water vapor positive feedback (Raval and Ramanathan, 1989) . Guichard et al (2000) , again using the TOGA COARE soundings, showed that uncorrected sonde profiles underestimated the The objective of this study is to examine techniques for improving the daytime column-integrated precipitable water vapor (PWV) obtained from the Vaisala RS80-H and RS90/92 sondes. The long-term day/night accuracy of PWV from the radiosondes is analyzed relative to accurate coincident PWV measurements retrieved from a microwave radiometer (MWR). As we discuss in section 2, the MWR PWV has been validated previously through radiative closure studies and thus provides a measurement of PWV that is independent of sonde measurements. We focus mainly on the Vaisala RS90 and RS92 radiosondes launched from the Atmospheric Radiation Measurement (ARM) the sky downwelling brightness temperature at 23.8 and 31.4 GHz. Water vapor absorption and emission dominate the signal in the 23.8 GHz channel, which is on the wing of the 22.2 GHz water vapor line, while the 31.4 GHz channel is mainly sensitive to liquid water emission. From these two measurements, accurate PWV and cloud liquid water (CLW) values can be obtained from a physical retrieval approach (Turner et al. 2007 ) that utilizes the validated microwave radiative transfer model MonoRTM (Clough et al, 2005) . Years of experience with the MWR at ARM have shown that the MWR PWV is accurate and stable (Liljegren 2000) , and can thus be used to evaluate the PWV from the sonde.
The dry bias in the water vapor profiles from the Vaisala RS80 radiosondes observed during TOGA COARE was also noted at the ARM SGP site when comparisons of thousands of sonde PWV measurements were made with corresponding values retrieved from the MWR (Turner et al., 2003) . These comparisons yielded an average 5% dry bias. Eventually this dry bias was traced to contamination from the styrofoam packaging of the sensor (Wang et al., 2002) ; after June 2000, Vaisala RS80 sondes were shipped with a sealed sensor cap and the contamination problem was mostly solved.
However, the change in packaging did not eliminate the large sonde-to-sonde variability (peak-to-peak differences greater than 25%) in the MWR/sonde ratio (Turner at al, 2003) , nor a daytime-only bias that will be discussed in detail below. This experience led ARM to create a scaled sonde profile product, whereby the sonde volume mixing ratio at every level is scaled by the ratio between the MWR PWV and the sonde PWV (the MWR scale factor), and then converted to RH using the sonde temperature and pressure values. This approach assumes that error in humidity is independent of height, which is supported by dual sonde observations during special water vapor IOPs at ARM in 1996 and 1997 (Turner et al., 2003 .
This MWR-scaling approach was validated using a radiative transfer closure experiment in the infrared (Turner et al. 2003 , Turner et al. 2004 ). This closure experiment used the unscaled and MWR-scaled RS80-H radiosondes to drive the Lineby-Line Radiative Transfer Model (LBLRTM, Clough et al., 2005) ; these calculations were then compared against the high-spectral-resolution observations from the Atmospheric Emitted Radiance Interferometer (AERI) (Knuteson et al. 2004a,b) The scaling of radiosonde profiles by the MWR over a long infrared radiative closure dataset (2000) (2001) (2002) (2003) (2004) , during which the sondes deployed were RS90s, seemingly provides mixed results (Figure 1) . The mean residuals are small, but the infrared spectral residuals that use the MWR-scaled radiosonde results as input into the LBLRTM show greater biases than the nominal radiosonde results. The mean residuals from the unscaled radiosonde profiles are very close to zero for all three PWV ranges, while the residuals from the MWR-scaled profiles become increasingly more negative in the atmospheric window region as the PWV increases. The negative residuals at larger PWV amounts suggest that either (a) the PWV amount retrieved from the MWR is too large (by approximately 2%), resulting in too much water vapor being used in the LBLRTM calculation, or (b) that the water vapor continuum absorption is too large (by approximately 4%). The source of the discrepancy is still under active investigation, however, work currently in progress suggest that the larger residuals at high water vapor for the scaled sondes are due to errors in the water vapor infrared spectroscopic parameters used by LBLRTM.
The mean spectral residuals for the nominal sondes in Figure 1 disguise the true nature of the data: the standard deviation results indicate significant variability in the sonde profile measurements, variability that is reduced by scaling by the MWR PWV.
Further insight is provided in Figure 2 , where the residuals in a single microwindow channel at 845 cm -1 are plotted as a function of PWV and separated into nighttime (00-12 UTC) and daytime (12-24 UTC) sets. These results demonstrate that the nominal radiosonde water vapor observations have a significant diurnal character with the daytime results having positive residuals (implying too little water vapor in the profiles provided by the radiosondes); on the other hand, the scaled radiosonde profiles do not present a diurnal character; furthermore, the nominal nighttime residuals are very similar to the scaled residuals, indicating that the trend with water vapor in the nominal nighttime and daytime and nighttime scaled residuals arises from an error in the forward model (LBLRTM). These observations confirm that the daytime dry bias observed in the sonde humidity profiles is due to a problem with the sonde measurement; scaling by the MWR not only reduces the scatter in the AERI-LBLRTM residuals but also eliminates the daytime dry bias. This result, shown here for the Vaisala RS 90 radiosonde, is qualitatively the same as for the Vaisala RS 80 radiosonde (Turner et al., 2003) . Thus the MWR PWW measurements can be used as a basis for developing a correction that eliminates the daytime dry bias in the column-integrated PWV.
Daytime dry bias in column-integrated water vapor measurements at ARM SGP
Turner et al. (2003), using RS80-H sondes, noted that the daytime MWR scale factor was typically 3% to 4% higher than the nighttime factor. Measurements taking during AWEX-G (AIRS Water Vapor Experiment -Ground) campaign at the ARM SGP site in 2003 , for which RS90/92 sondes were used, showed that the MWR scale factor was on average 6% to 8% higher during the day. The daytime dry bias has been attributed to solar heating of the sensor, and is more evident in the RS90/92 profiles due to the absence of a protective cap on these sensors: an aluminized plastic cap was used on the RS80s to shield the sensor from precipitation and solar radiation. (2007) found that the daytime dry bias increases with altitude and can reach 50% near the tropopause; they constructed an empirical correction factor based on pressure, which when applied to the RS92 profiles greatly reduced the difference with respect to the CFH.
However, the Vömel et al. (2007) radiative correction factor was derived for instruments ascending more rapidly than usual; the faster rising leads to greater forced cooling of the sensor, thereby reducing the solar heating effect; thus the correction factor is probably a lower estimate of the error due to solar heating. Moreover, it was derived in a tropical climate regime, for small solar zenith angles, limiting its applicability to other regions.
Our goal was to develop a simple correction scheme for the daytime dry bias in RS80-H/90/92 sondes that did not require coincident MWR measurements and was valid over a large range of solar zenith angles. We used the MWR PWV as "truth", based on the results of the radiative closure experiments described in section 2, to determine the appropriate correction. The MWRRET dataset (Turner at al., 2007) , available from the ARM IOP archive, provides, among other variables, PWV derived from radiosonde profiles, MWR brightness temperatures, and PWV and CLW retrievals from the MWR observations from 1996 through 2005. This long term, consistent and carefully qualitycontrolled dataset is an ARM Value Added Product (VAP) which utilizes monoRTM, a monochromatic version of LBLRTM, as a forward model, and retrieves PWV and CLW from the MWR using two different approaches, one a physical retrieval and the other an advanced statistical retrieval. The physically-retrieved PWV from MWRRET has an estimated accuracy of 0.07 cm (Turner et al., 2007) . This product provides the ideal platform for examining the RS80-H/90/92 daytime bias as the solar zenith angle ranges from 20º to 90º and the retrieval algorithm is constant. We analyzed all sonde profiles from the 1998-2005 period, and compared the sonde PWV with the PWV retrieved from MWR measurements averaged over a 40-minute window centered around the sonde launch times. We retained only sondes launched when there was no detectable liquid cloud. We used the variability in the 31.4 GHz measurement and the MWR CLW to determine if there were liquid clouds present during the sonde ascent, following Turner et al. (2007) . The daytime dry bias has been attributed to solar heating of the radiosonde's humidity sensor and thus is expected to have a fairly simple dependence on solar zenith angle. Other factors can also play a role, such as the ascent rate or the presence of high cirrus clouds and/or aerosols. However, we are looking for a straightforward correction that would in general eliminate most of the daytime dry bias. Before exploring this dependence, it is necessary to examine the "batch-to-batch" variability, which Turner at al. (2003) found to be quite high for the RS80-H sonde profiles but has not been looked at extensively for RS90/92 profiles. A batch is defined as the set of sondes calibrated in the same week (see Appendix for the algorithm that determines the batch week from the serial number). The daytime MWR scale factor increases sharply with decreasing solar zenith angle, until SZA is ~70º, then generally rises more slowly as the SZA continues to decrease. This behavior is similar to the dependence of atmospheric transmittance on air mass, as would be expected if daytime dry bias were due to solar heating. We assumed the MWR factor (S) would obey a function of the form given by:
where α represents the effect of heating on the sensor, tau_eff is the effective optical depth over the entire shortwave spectrum and sec is the trigonometric function 1/cos. In order to determine tau_eff we analyzed a year's worth of broadband radiative transfer runs performed by the ARM Broadband Heating Rate Profile project (BBHRP) (Mlawer et al, 2002) under cloud free conditions using profiles from the SGP site. We looked at the log of the ratio of the shortwave downward flux at the surface to the flux at TOA (the effective optical depth, tau_eff) and found that tau_eff_ranged from 0.14 to 0.24, with a mean around 0.19 and a standard deviation of 0.06. We set tau_eff to 0.2 and included this value in a least squares determination of α, using the daytime MWR factors binned by solar zenith angle, to yield α=0.093±0.0036. This correction is shown as a dashed line in Figure 5 , while dotted lines show the variability of the scale factor over the range of tau_eff derived from the BBHRP dataset.
Given the number of RS80-Hs still in use it is useful to repeat the analysis using 
Summary and conclusion
Vaisala radiosondes are used for many different applications, in both research and operational settings, in the US and abroad. Existing biases in the humidity profiles collected by these sondes will impact radiative closure experiments and the prediction and modeling of convective events, as well long term climate records and global change modeling efforts. Our extensive comparison of PWW measurements from the MWR and the RS90/92 sondes reiterates the value of scaling the sondes by the MWR; this scaling eliminates the batch-to-batch variability, leading to substantially less scatter in infrared radiative transfer closure studies.
Scaling the radiosonde humidity profile to agree with the MWR-retrieved PWV value also eliminates the daytime dry bias, observed by previous researchers during short campaigns such as AWEX-G and Ticosonde. However, MWR instruments are not usually available in operational settings, or even during many measurement campaigns.
Analysis of the daytime differences between the MWR and the RS80-H/90/92 sondes led to a semi-empirical correction based on the solar zenith angle that was shown to effectively eliminate the daytime dry bias in PWV. This correction is consistent with the assumption of solar heating of the humidity sensor, can be applied without reference to the MWR and is valid for all solar zenith angles. The same form of the correction, with different values for the alpha parameter, appears to work equally well for RS80-H and RS90/92 sonde profiles, though the validity for the RS92s should be tested more extensively. The correction, which was derived using data at a mid-latitude site with moderate amounts of water vapor and solar zenith angles, was tested successfully on data collected at tropical sites with larger amounts of water vapor and smaller solar zenith angles. Incorporating this simple correction into the processing algorithms of Vaisala RS80-H/90/92 sonde profile data will greatly increase the quality of the profiles, and of the products derived from them, whether they are short term severe weather forecasts or long term climate change estimates.
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